Critical to navigation, situational awareness, and object identification is the ability to image through turbid water and fog. To date, the longest imaging ranges in such environments rely on active illumination and selection of ballistic photons by means of time gating. Here we show that the imaging range can be extended by using time-gated holography in combination with multi-frame processing. Instead of simply summing the intensity of the frames, we use the complex fields retrieved through digital holographic processing and coherently add the frames. We demonstrate imaging through extended bodies of turbid water and fog at one-way attenuation lengths of 13 and 13.6, respectively. Compared to equivalent traditional time-gated systems, gated holography and coherent processing require 20× less laser illumination power for the same imaging range.
Critical to navigation, situational awareness, and object identification is the ability to image through turbid water and fog. To date, the longest imaging ranges in such environments rely on active illumination and selection of ballistic photons by means of time gating. Here we show that the imaging range can be extended by using time-gated holography in combination with multi-frame processing. Instead of simply summing the intensity of the frames, we use the complex fields retrieved through digital holographic processing and coherently add the frames. We demonstrate imaging through extended bodies of turbid water and fog at one-way attenuation lengths of 13 and 13.6, respectively. Compared to equivalent traditional time-gated systems, gated holography and coherent processing require 20× less laser illumination power for the same imaging range. Sensing through scattering media is one of the fundamental problems of modern optics. Recent research has emphasized imaging and focusing through biological samples and thin screens, both with very limited spatial extent [1] [2] [3] [4] [5] [6] . However, there is long-standing interest in imaging through dynamic macroscopic-size natural scattering environments such as turbid water and dense fog [7] [8] [9] . This problem assumes a challenging sensing configuration, in which the source and sensor are separated from the object by a bulk scattering media. Photons from the source must traverse the media to and from the object before detection on the sensor. The difficulty associated with imaging through any scattering media is usually scaled with its thickness measured in mean free paths or attenuation lengths (ALs), i.e., distances over which the intensity of unscattered or ballistic light is reduced by a factor of e. Attenuation of light in natural environments consists of absorption and scattering. Underwater absorption depends on an electromagnetic wavelength and establishes an optically transparent window in the blue-green spectrum. However, scattering effects are dominant for underwater propagation of blue-green light and for fog propagation of visible/IR light. The size distributions of particulate matter in water and water droplets in fog are typically larger than visible light wavelengths leading to Mie scattering, which is characterized by dominant forward and backward scattering lobes. Conceptually, an imaging range is limited by the number of detected photons, but loss of contrast due to forward-scattered light cuts the range even shorter. This scattering pattern is different from Raleigh scattering observed in haze, smoke, or aerosols, wherein particles are smaller than wavelengths of visible light.
Recently developed approaches for imaging through scattering using scattered or diffuse light such as the transmission matrix or memory effect are applicable only to microscopic and mesoscopic scales [2, 3, 5, 6] . Wavefront shaping techniques require stationary or relatively slowly changing environments such as biological samples and atmospheric or underwater turbulence, and are often not suited for the considered configuration, in which a detector-source pair is separated from an object by a scattering environment [1, 10, 11] . Methods utilizing unscattered photons represent ballistic photon detection based on temporal, spatial, coherence, or polarization properties [12] . The modern history of imaging through extended scattering media started with coherence gating, in which the duration of the interfered pulses played the role of the time gate [13] . Later, this approach for imaging through macroscopic-size scattering media was largely replaced by time gating enabled by fast cameras, photomultipliers, and avalanche photo diodes [9, 14, 15] . To date, time-gated or time-resolved sensing has demonstrated the best results in imaging through macroscale natural environments, in particular, a pulsed laser coupled with multi-aperture photomultiplier tube or a silicon single photon avalanche diode has attained a record range of approximately 9 AL (one-way attenuation in two-way imaging experiments) [9, 15] .
To address the long-standing challenge of imaging through natural macroscopic-size scattering environments at the extreme limit of only a few unscattered photons, we present a novel approach combining electronic time gating, digital holography, and coherent multi-pulse processing. In this Letter, we initially detect ballistic and near-forward scattered photons using a nanosecond time-gated sensor, isolate ballistic photons via coherence gating with off-axis holography and, finally, recover the object image employing a coherent processing algorithm based on alternating minimization. We demonstrate record underwater and fog imaging ranges of 13 and 13.6 AL, respectively and, for the first time, to the best of our knowledge, outperform traditional time-gated systems in sensing through extended scattering media.
In our experiment, holograms are generated with a doublepulsed laser system, which is schematically depicted in Fig. 1 . The system begins with a double-pulsed 1064 nm yttrium fiber laser operating at a 5 ns pulse width (NP Photonics). The separation between pulses is tunable, via an electronic control signal allowing for a range of object distances without the need for optical delay lines. Traditional approaches relying on fixed delay lines require careful alignment of delay stages and become impractical for objects at range. Instead, our setup allows us to image objects at a few meters to a few hundreds of meters without hardware changes owing to 30 km coherence length of the seed CW laser. The pulses are frequency doubled to obtain 532 nm light, resulting in 0.9 mJ/pulse-pair energy and split with a Pockels cell and a polarizing beam splitter (BS). The first pulse is steered to the object through the scattering media illuminating a 1.3 cm diameter spot, while the second pulse serves as the reference. The signal and reference pulses are combined at a small angle with a BS to complete an off-axis holographic setup. The angle is tuned such that the interference fringes are sampled at approximately 3× the Nyquist frequency. Before the BS, the reference pulse passes through a tunable neutral density (ND) filter, in which the optical density is adjusted for a particular attenuation range to prevent detector saturation. The holograms from the interfering pulses are recorded on an intensified charged coupled device (ICCD) that provides a 2 ns gating window (Stanford Computer Optics). This experimental setup allows for transformation into a traditional time-gated system by blocking the reference arm and adding an imaging f ∕10 lens (50 mm focal length) in front of the camera. It enables straightforward performance comparison of the proposed time-gated holographic sensor and an equivalent time-gated system.
The chamber holding scattering media has dimensions of 1.22 × 0.2 × 0.2 m and is constructed out of Plexiglas with anti-reflection-coated high-transmission glass entrance/exit windows. To produce the aqueous turbid state, the chamber is filled with tap water and a fine dust (Power Technologies) consisting of a mean particle diameter of 3 μm and a nearly Gaussian particle distribution with a 2 μm variance. The dust particles tend to settle over minute timescales; therefore, four submersible circulation pumps are installed to stir the water. The variability of beam attenuation during the time of image collection is observed to be 0.04 AL. Alternatively, the chamber can be filled with ultrasonically generated fog (Cyclon, Nutramist) containing average size particles of approximately 5 μm. Fog dissipation is observed to occur on second timescales; therefore, automatic cycling of fog generator is employed to maintain a fog density. Due to the kinetic nature of the media, few frames at a particular attenuation range are available and, therefore, images and holograms collected at similar attenuations are binned together in groups of 20 for processing. The distance from the object to the detector is 7.5 m in the water and 7.14 m in the fog experiments.
Beam attenuation through the scattering media is measured continuously during image collection using one-way propagation of a separate CW 15 mW, 532 nm laser and a powermeter (Thorlabs PM16-130). To minimize the collection of scattered light into the powermeter, its acceptance angle is constrained with a spatial filter (Thorlabs KT310) to 2 mrad, which is within the range of the acceptance angles of commercial water beam transmissometers [16] .
We consider a holographic signal model, in which the complex-valued field reflected off the object xϵC n is mapped onto 2-D Fourier transformed and windowed measurements yϵC n in spatial frequency space:
where F describes the linear mapping between them and w ∼ CN 0, σ 2 I, wϵC m denotes a noise vector. In pupil plane off-axis holography, the operator F is the composition of freespace field propagation from the pupil plane to the object plane, a Fourier transform at the hologram plane, and a windowing of the object signal. Signal-to-noise (SNR) improvement in low-light holography can be achieved by averaging intensities of multiple object images. However, SNR increases faster with the number of images if complex fields are used. Our experiments show that when a set of measurements l 1…L for y l is recorded, the measurements capture identically distributed values of x up to nuisance amplitudes α l and phases β l , which are due to the dynamic nature of the environment and laser phase drifts. Thus, equations serving as a basis for coherent processing of L measurements can be written in vector form:ỹ
where the following definitions are used: 
B l diagβ l and w l ∼ CN 0, σ 2 I, wϵC m are independent noise realizations.
Without assuming any prior information, maximum likelihood (ML) can be used to estimate the object's reflection coefficients x. Each measurement y l depends on the unknown reflection coefficient x, the nuisance phase B l , and the nuisance 
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Vol. 43, No. 13 / 1 July 2018 / Optics Lettersamplitude α l making the reconstruction of x from y a highly nonconvex optimization problem. Our alternating minimization approach, based loosely on methods proposed in Ref. [17] , consists of the following three steps repeated several iterations:
1. Fix x and α 1 …α l ; determine the ML estimate of B 1 …B L .
2. Fix x and B 1 …B L ; determine the ML estimate of α 1 …α l .
3. Fix α 1 …α l and B 1 …B L ; determine the ML estimate of x.
In
Step 1, nuisance phases B l are expanded using the first k Zernike basis vectors ΨϵR n×k , β l expiΨθ l . Then the ML estimate of the expansion coefficientsθ l ML is given bŷ
where X diagx. There are a number of methods to solve this minimization problem. If constant nuisance phases or pistons, (k 1), are assumed, then Eq. (4) has a closed form solution:θ
where ∠· denotes the angle of the argument and · H denotes Hermitian transposed matrix. The steepest gradient descent is used for k > 1; however, the results suggest that retaining expansion terms above the piston phases is unnecessary.
For
Step 2, given x and B l , the ML estimate of nuisance amplitudes α l isα
In addition, in a final Step 3, given α 1 …α l and B 1 …B L , an ML estimate of the object's reflection coefficient x is computed:
Inversion of the operatorF H α,βθFα,βθ is nontrivial; therefore, a least square solution is obtained using Matlab's lsqr function. The computational time for 50 holograms on Nvidia Titan X GPU is 28 s.
In underwater imaging experiments, the object consists of a letter "X " made of light absorbing material and positioned on a highly reflective surface (mirror). Both the time-gated image and hologram collections use 2 ns time gates. An important acquisition parameter in holography is the ratio of the reference and signal pulse energies. Ideally, a higher ratio provides greater amplification of the signal reflected from an object, but improvement is constrained by the shot noise of the reference beam and dynamic range of the camera. Thus, imaging through increasing attenuation requires corresponding reduction of the reference pulse energy (the lower limit for a ICCD camera is 1 photon per pixel of the reference pulse) and, as a result, the range of acceptable ratios shrinks. At the maximum attenuation of 13 AL achieved in underwater experiments, the estimated reference-signal pulse energy ratio on the focal plane array reaches 10 5 . Figure 2 (a) displays the image of the object collected in an experimental configuration corresponding to the time-gated system through the tank filled with clear tap water (1 AL range). The maximum range of the traditional time-gated system, at which the object is still visible, is 11.4 AL [ Fig. 2(b) ]. The incoherent intensity averaging of images recovered from time-gated holograms leads to the imaging limit similar to the one found for the time-gated system as can be expected from their analogous SNR considerations [ Fig. 3(c) ]. Applying the alternating minimization algorithm in average achieves 6 dB improvement in peak signal-to-noise ratio (PSNR) at 11.4 AL [ Fig. 4(b) ] and makes 50 holograms sufficient to obtain a discernable image of the object at 13 AL [ Fig. 4(c) ]. This imaging range corresponds to a round-trip laser energy attenuation of ∼5 · 10 −12 , resulting in an order of 10 2 arriving photons or an order of 10 −4 photons per pixel from the signal pulse. Comparison to the state-of-the-art underwater imaging results can be made in terms of number of photons reaching the detector that needed to form an image. Both system parameters and target characteristics such as type of reflection (Lambertian or specular) and reflectivity must be taken into account. The range limit of the state-of-the-art underwater imaging systems that demonstrated previous records of ∼9 AL is estimated to be above 10 4 photons [10, 17] . Thus, our experiment demonstrates 100× improvement in terms of sensitivity. To emphasize the difficulties of imaging at 13 AL and the benefits of the developed processing, Figs. 5(a) and 5(b) display an image recovered from a single time-gated hologram and an image recovered with 10 3 frame processing, respectively. Although increasing the number of holograms in coherent processing leads to a significant PSNR improvement reflecting contrast enhancement, it saturates quickly above 10 2 frames [ Fig. 5(c) ]. In contrast, other measures of image quality such as structural similarity index (SSIM) and normalized mutual entropy index (NMI) emphasizing distortions and texture continue to improve with an increasing number of holograms.
In imaging through fog experiments, the object is the central part of the glass plate with dark letters "THORLABS" (Thorlabs R1L3S5P) positioned in front of highly reflective surface (mirror). Figures 6(a)-6(c) display the images of the object obtained at 12.0-12.1 AL ranges using the three previous approaches. As in the underwater experiments, the resolution of the fog holograms (30 × 30 resolution elements) is lower than the resolution of the time-gated imagery. Imaging through attenuation above 12.1 AL exceeds performance limits of time-gated system augmented with frame averaging [ Fig. 6(d) ]. Incoherent averaging of time-gated holograms fails to resolve the object, while the alternating optimization algorithm reveals the object at ∼13.6 AL range [Figs. 6(e) and 6(f )]. The differences in absolute values of the attainable ranges in two environments can be attributed to slight differences in physical properties of water and fog such as volume scattering function and scattering albedo.
In conclusion, time-gated holographic imaging through extended bodies of two dynamic natural scattering environments, fog and water, is demonstrated. Generally, imaging ranges depend on particular characteristics of the sensing system such as laser pulse energy, illumination area, and light gathering capability of the aperture, as well as environmental conditions such as scatterer properties and object reflectivity. Considering these factors, we demonstrated 10 2 improvement in sensitivity compared to the state-of-the-art underwater imaging technique. The experiments in this Letter show that time-gated holographic data collection in macroscale scattering media, combined with coherent processing, attains ∼1.5 AL longer imaging ranges compared to equivalent time-gated sensing. Alternatively, this advantage translates to 20× improvement of laser pulse power at the same range. 
